Purpose: The purpose of this study was to compare two inverse planning algorithms for cervical cancer brachytherapy and a conventional manual treatment planning according to the MUW (Medical University of Vienna) protocol.
Purpose
Inverse optimization algorithms were implemented into external beam therapy (EBRT) several years ago [1, 2] . Their main benefits are the reduction of treatment planning time, good reproducibility and the creation of treatment plans which provide both, better target coverage and sufficient sparing of organs at risk (OARs). In brachytherapy (BT), the development of inverse optimization algorithms, inverse planning procedure and their integration into clinical routine is just being established. Inverse planning algorithms are widely used by several institutions, but only in prostate cancer BT [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . For other carcinomas, basic research, development of concepts, definition of constraints and clinical adaptation of the procedure are still necessary [13, 14] .
The use of inverse plan optimization methods has been recently introduced into cervical cancer BT [13, [15] [16] [17] [18] . The typical pear shaped dose distribution has been used for decades and results in very good clinical outcomes [19, 20] .
With the integration of 3D imaging devices (CT, MRI), the dose distribution can be adapted to the individual anatomical situation [21, 22] . The aim of inverse planning is to achieve the best possible dose distribution for the target structures, the organs at risk and un-diseased tissue. However, even with dose adaptation methods, the typical pear shaped dose distribution should be preserved. Such a distribution consists of high dose regions concentrated within the tumour bearing uterus while not spreading into the adjacent normal tissue [14, 23] . Therefore, several issues remain to be addressed in preserving this concept with inverse planning [14] .
Nowadays, two algorithms are commercially available. One of them is the HIPO algorithm which has been especially fine-tuned for use in cervical cancer BT [14, 24] ; i.e. specific features have been incorporated into the inverse planning process in order to achieve smoother dose distribution. Further, sophisticated procedure was developed to preserve the typical form of the dose [25] and to keep the high dose regions just within the target structures. The second algorithm is the IPSA which is a more general algorithm [26] . No specific tools to control the spatial dose distribution of high dose regions for cervical cancer BT have been integrated into the inverse planning process with IPSA.
The purpose of this study was to compare the inverse planning algorithms dedicated to the treatment planning in cervical cancer BT and moreover, to compare both of them to the manual planning method. We placed a special emphasis on the high dose regions because they play an important role and the most significant differences were expected in this particular area.
Material and methods

Patients and treatment
The same group of 20 patients as in [14] was used for this study. The patients underwent 45 to 50.4 Gy whole pelvic EBRT followed by 4 fractions of HDR BT with prescribed dose (PD) of 7 Gy [23] . Ten patients were treated with the intracavitary MR/CT compatible Vienna tandem/ring (T/R) applicator (mean HR CTV 30 cm 3 ). For the remaining ten patients, where the coverage of HR CTV was not sufficient with the T/R applicator alone, additional interstitial needles (T/R + N) were implanted (mean HR CTV 40 cm 3 ) [27, 28] . For each patient, one fraction planned with an MRI based treatment planning approach was included in this analysis [23] .
The applicator reconstruction was based on predefined applicator geometries consisting of the scanned outer dimensions of the applicator in relation to the source path [29] . Contouring of HR CTV, GTV, bladder, rectum and sigmoid colon was performed according to the GYN GEC ESTRO recommendations [30, 31] . IR CTV was not delineated. The dose volume constraints used for each patient are presented in Table 1 [32] . For the reasons of this study, EBRT dose of 45 Gy was used for all patients to acquire the same dose constraints.
For all patients, three different treatment plans were created. The first plans were manually optimized which were clinically used for patient treatment. The other two were retrospectively created inverse optimized treatment plans with HIPO and with IPSA.
Manual treatment planning
Manual treatment planning workflow for cervical cancer BT at the Medical University of Vienna (MUW) has already been described in detail [14, 23, 27, 32] . All manual plans were done in the PLATO v14.3 TPS.
Inverse planning: HIPO
The Hybrid Inverse treatment Planning and Optimization algorithm (HIPO) is an advanced, anatomy-based optimization algorithm developed by Karabis, Giannouli and Baltas [24] . The adaptation of inverse planning with HIPO to meet the specific requirements for the dose distribution in cervical cancer BT treatments have been already described elsewhere [14] . HIPO features, such as automatically generated individual anatomy based loading patterns, dwell time gradients, normal tissue constraints and separate optimization of the interstitial and intracavitary parts of an implant, have the potential to support the pearshaped dose distribution [14] .
All HIPO plans were done in the Oncentra GYN v0.9.14 and based on the MUW workflow with the optimization settings introduced in [14] and presented in Table 2 .
Inverse planning: IPSA
The Inverse Planning Simulated Annealing (IPSA) is an algorithm developed by the UCSF group [15, 17] . This advanced inverse optimization technique is used for prostate BT in several centres and favourable results have been presented [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Some institutions also use it for cervix BT. The algorithm is implemented in the Plato TPS (from v14.3, Nucletron B.V., Veenendaal, The Netherlands) and the OncentraBrachy (from v1.0, Nucletron B.V., Veenendaal, The Netherlands). The implementation of the algorithm into TPS does not integrate any additional specific tools for different brachytherapy treatment sites [15] .
Inverse treatment planning with IPSA was performed in Plato. Before optimization, all dwell positions in the intracavitary and interstitial parts of the implant were activated. All parts of the applicator were included into the optimization at the same time. The optimization always uses the optimization settings from the UCSF [15] [16] [17] for both types of applicators. In case of an unsatisfactory dose distribution, the optimization parameters were adjusted and the calculation was repeated again until our objective was achieved. The average adjusted optimization settings which led to the best dose distributions are presented in Table 3 . Moreover, the additional help structure around the ring part of the implant was contoured and integrated into the inverse optimization in order to obtain more contribution from the ring, and therefore to reduce the contribution from the interstitial needles to the whole dose distribution [14, 23] .
Evaluation
For each treatment plan, the dosimetric parameters based on the GYN GEC ESTRO recommendations were evaluated [17] . Additionally, absolute volumes V100, V200 and V400 of normal tissue receiving a dose of PD, 2 × PD and 4 × PD per fraction respectively, were evaluated (absolute volume of the reference dose with the exclusion of the absolute volumes of HR CTV and the applicator volume outside HR CTV receiving reference dose. The part of Table 1 . The dose-volume constraints used for our treatment schedule; the given doses are physical doses per one BT fraction, the doses in brackets are biologically weighted doses to be reached [32] the tandem inside of HR CTV was included in HR CTV in keeping with the current practice in most of the centres). In order to find out the portion of the dose coming from the interstitial needles in case of the T/R + N applicator, the absolute loading times of the tandem, ring and all needles were evaluated.
To evaluate how accurately HR CTV was covered and to estimate the amount of dose received by the surrounding tissue including OARs, two conformity indices were used. The first conformity index was proposed by Paddick [33] as a measure of how well the prescribed isodose conforms to the size and shape of a target volume. It was defined as: The second index used for evaluation was a modified COIN index as proposed by Baltas et al. [34, 35] . It was based on an evaluation of dose-volume histograms. It measures the overall quality of a treatment plan and is defined as product of three coefficients: 
The volume V ref is a volume of reference dose. The last coefficient, c 3 , evaluates how much irradiation is received by OARs. It is defined as:
where V OAR is a volume of OAR and V OARcrit is a volume of OAR receiving critical dose D crit , i.e. 90%, 63% and 100% of PD for bladder, rectum/sigmoid and vagina wall, respectively. The product is taken over all OARs that should be included into the evaluation. These relative [17] values are related to the total dose constraints used at the MUW, and are only valid for specific treatment schedule of four times 7 Gy BT plus 45 Gy EBRT. The statistical significance of the results was proven with a two sided paired t-test with a level of significance at 0.05 [36] . All statistical calculations were done using the STATISTIKA (StatSoft, Inc.) package. Figure 1 shows the example of typical dose distribution after manual, HIPO and IPSA optimization. All three plans were created for the same patient treated by combining the T/R applicator with 3 interstitial needles. From this example, the main difference among all three approaches can be seen. After the manual optimization, most of the dose comes from the intracavitary T/R applicator and the interstitial needles have very low loading just to cover the missing parts of extensive HR CTV which was not possible to cover with the intracavitary part alone. After inverse optimization with HIPO and toggling between two different optimization sets, the resulting dose distribution is almost the same as after the manual optimization. HIPO was even able to reduce high dose regions around interstitial needles. After IPSA inverse optimization, where all parts of the implant have the same importance, the overloading of needles can be seen. This is an unwanted result as it can lead to complicated side effects.
Results
The average values of dosimetric parameters are presented in Table 4 . The intracavitary T/R and combined intracavitary/interstitial treatment T/R + N were analysed separately. IPSA as well as HIPO were able to produce dosimetrically acceptable treatment plans for both kinds of treatments. In case of the T/R applicator, HIPO optimization leads to the best clinical dosimetric parameters
HR-CTV: V100 (%) 95.8 ± 3.5 97.9 ± 2. 
HR-CTV: V100 (%) 94.7 ± 3. Table 5 . Absolute volumes V100, V200 and V400 (mean ± st. dev.) of normal tissue receiving a dose of PD, 2 × PD and 4 × PD per fraction. Numbers 1, 2 and 3 represent manual, HIPO and IPSA optimization, respectively Table 6 . Absolute average loading times (mean ± st. dev.) of tandem, ring and additional interstitial needles for T/R and T/R + N patients; these times are sums over all dwell positions in a given part of the implant. Regarding the needles, the sum is over all dwell positions in all needles together. Maximum needle loading time refers to one needle in which the sum of all dwell positions was highest compared to other needles loaded in a given patient. Numbers 1, 2 and 3 represent manual, HIPO and IPSA optimization, respectively for both, target structures and OARs. However, only the differences in V100 for HR CTV and D 2cc for the rectum were statistically significant. In case of the T/R + N implant, HIPO optimization resulted in significantly better sparing of the bladder and sigmoid compared to the manual optimization. Moreover, both bladder and rectum were more spared as compared to IPSA optimization. The whole implant volume was the lowest after HIPO optimization in both implant modalities. IPSA led to the unnecessarily blown up high dose regions affecting normal tissue.
The comparison of the absolute volumes of normal tissue receiving certain reference doses are listed in Table 5 . There was no significant difference in any volume for T/R. For the T/R + N configuration, normal tissue receiving the prescribed dose was significantly lower after HIPO optimization compared to the manual optimization as well as after IPSA optimization compared to manual. The difference between IPSA and HIPO in favour of the HIPO algorithm was not statistically significant.
The absolute loading times in each part of the implant and the whole implant loading are summarized in Table 6 . All times are normalized to a source strength of 40820 cGy.cm 2 .h -1 . The total loading times, as well as loading times of the ring and tandem, were significantly different between IPSA and HIPO. The HIPO optimization algorithm increases the loading time for the tandem whereas it reduces the loading time of the ring compared to manual and IPSA optimizations. In 9 out of 10 patients, the total loading time for all interstitial needles, as well as the time of the maximally loaded needle was noticeably reduced with HIPO compared to manual and IPSA optimizations.
The conformity indices are presented in Table 7 . For both T/R modalities, with or without needles, HIPO had the highest mean value of both conformity indices. For T/R patients, only the difference in the COIN index between IPSA and HIPO reached statistical significance. For T/R + N patients, low value of the Paddick index for the volume of 2 × PD after the IPSA optimization is particularly noteworthy.
Discussion
The aim of manual optimization in cervical cancer brachytherapy is to achieve a typical pear shaped dose distribution with a specific pattern of high dose regions. This dose distribution results in high local control and low side effects [19, 37] . Because of these good clinical results, it is important to try to preserve such a dose distribution after inverse optimization. The spatial distribution of high dose regions has to be taken into account by inverse optimization algorithms to avoid unexpected high doses in the parametrium or vaginal wall. High doses are not undesirable but they should be concentrated inside the cervix and Table 7 . Results of Paddick's and COIN conformity index (mean ± st. dev.) for T/R and T/R + N applicator. Numbers 1, 2 and 3 represent manual, HIPO and IPSA optimization, respectively uterus where the tumour is located. It is important to enable to control a spatial dose distribution of high dose regions even with automatic optimization tools. Several papers have been already published about IPSA but they have not considered this important issue [13, 15, 17] . Only Chajon et al. [13] concludes that not only dose volume constraints for volumes of interest have to be integrated into the inverse optimization. They mention that there is a need for additional parameters in order to force the optimizer to produce more homogeneous dwell time distribution and to prevent hot spots within the treated volume. Kim et al. [18] presented a clinical report with 2 years follow up of 51 patients that were planned with IPSA. The treatment was well tolerated with minimal toxicities and good local control. However, they used either intracavitary [15, 16] or the interstitial applicator [17] . Combined applicator was not a part of investigation. And especially in case of combined intracavitary/interstitial applicator the spatial distribution of high dose regions plays an important role.
To this end, the department of radiotherapy at the MUW is aware of the need to conserve the pear-shaped dose distribution and of avoiding high dose regions in normal tissue. One publication about the challenging issues occurring during the inverse planning process and their possible solutions using HIPO and specific workflows has already been described in details [14] . The anatomy based loading patterns, the dwell time gradients, normal tissue constraints, locking of catheters and different optimization settings for the intracavitary and the interstitial parts of the implant are used to fine-tune HIPO algorithm. Including such parameters enables us to mimic a similar dose distribution to that of a result after manual optimization. Further, these parameters create differences in the results between IPSA and HIPO. With both inverse optimization algorithms, it was possible to create a treatment plan which was comparable to manually optimized plan. Note, however, that only HIPO was able to reduce high dose regions around interstitial needles. When using HIPO without these additional tools (dwell time gradient equal to 0, all parts of implant optimized together, no normal tissue constraint, no anatomy based loading patterns) the contribution from needles, and therefore the presence of high dose regions was higher.
IPSA seems to work properly and with solid set of parameters in case of prostate treatments [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Although in case of cervical cancer treatment further developments of optimization with IPSA are necessary. In our set of patients UCSF constraints [15] [16] [17] did not lead to a satisfactory dose distribution in any patient and we had to find out our set of constraints. A detailed analysis of patient cases should be performed in order to find a solid set of constraints or class solutions to improve the performance of IPSA optimization.
In order to focus on the distribution of high dose regions, the absolute volumes of normal tissue receiving the reference doses were evaluated ( Table 5 ). The only significant difference was observed in T/R + N approach for a volume of PD where HIPO optimization resulted in the lowest volume. However, this parameter provides no information about the location of high dose regions, only about their size. More relevant parameters are normalized loading times of each part of the implant (Table 6 ). According to the number of seconds that a source stays in certain dwell position it is possible to obtain an estimation how the dose regions will be distributed along each catheter. In case of the T/R applicator, there is a significant difference between IPSA and HIPO in the tandem as well as in the ring part of the applicator. The total treatment time is significantly lower after HIPO optimization compared to IPSA. The comparison of loading times in case of T/R + N is more important. Manual treatment planning approach delivers most of the dose from the T/R applicator while only about 20-30% of the dose comes from needles [23, 27] . Whereas the T/R applicator delivers dose to the cervix and uterus part of HR CTV, needles are responsible for the high dose in parametrium part of HR CTV where hot spots should be avoided. From the dwell time analysis it is clear to see that treatment plans optimized with HIPO also tend to cover most of HR CTV with the dose coming from T/R. The dose from the interstitial needles is low, even lower than in manually optimized plans. In contrast, IPSA results in significant overloading of needles. The mean sum of all absolute dwell times in all needles is higher than in manually optimized plans and more than two times higher than with HIPO optimized plans. The reason is that IPSA includes T/R and needles into the calculation at the same time and with the same weight. In contrast, HIPO enables separate optimization of each of the part of an implant. In this study, for example, T/R was optimized at first and the needles were included afterwards to cover only the missing parts of HR CTV. This explains why hot spots, as shown in Fig. 1 , can occur with IPSA. While IPSA is a more general optimization algorithm, heavily dependent on the geometry of the structures, HIPO was adapted specifically for cervical cancer brachytherapy. Some other HIPO features, like dwell time gradient restriction and normal tissue objective, enable it to meet clinical requirements more effectively [14] . However, IPSA can be used for inverse optimization of intracavitary BT. In this case, it is necessary to introduce additional structures as a help structures, such as contours around the applicator and sub volumes of HR CTV both inside and outside the uterus. A constraint for these structures will suppress high dose areas more effectively [13] . In our study we have introduced the help structure around the ring part of the applicator. Without this help structure, IPSA optimizer reduced the dose coming from the ring and loaded fully the needles because the ring is not a part of HR CTV in contrast to needles. With such defined help structure it was possible to achieve more doses from the ring and consequently reduce the needles loading.
With the objective to carry out a quantitative evaluation of dose distribution, two conformity indices were calculated, Paddick's and the COIN index. None of these indices is intended for intracavitary BT because the conformal dose coverage of target structures due to the steep dose gradient fall is not possible. However, these quality indices served as relative parameters to distinguish between alternative 3D treatment plans by taking into account the coverage of HR CTV and high doses inside and outside the target volume.
Paddick's index is primarily used for stereotactic treatments to accurately describe the conformity of the plan. In BT, ideal conformal treatments occur very seldom [38] . For all evaluated reference doses (PD, 2 × PD and 4 × PD), HIPO had the highest mean value of conformity index for both implant modalities. It confirms that with HIPO we can achieve more conformal plans. In case of Paddick index for 2 × and 4 × PD the volume of a given isodose has to be also considered. From Table 5 it is apparent that all three optimization approaches lead to some amount of high dose regions. Therefore it is desired that the value of Paddick index is as high as possible because it correspond to the localization of high dose volume inside of HR CTV. The significantly low Paddick's index value for IPSA optimized plans, especially for reference dose equal to two times prescribed dose, verifies that IPSA is overloading needles and a big part of the high dose is located in normal tissue.
The same results were obtained with more complex the COIN index evaluation. The partial indices c 1 and c 2 were quite close for all treatment optimization modalities. The c 3 including OARs irradiation was critical. The main contribution was from the vagina wall which was contoured for the reasons of the COIN index calculation. Although anatomical and/or dosimetric assessment of the vagina wall is influenced by major uncertainties and therefore no dose volume parameters are recommended for prospective treatment planning [39] , the vaginal wall can be used as a relative parameter to reflect the dose distribution outside of HR CTV, in the immediate vicinity of the T/R applicator [14] .
Conclusions
The analysis of the patients used in this study shows that HIPO algorithms and its specific implementation into the Oncentra GYN enables to mimic the manual treatment planning approach for cervical cancer BT. It produces clinically acceptable treatment plans and enables the reduction of high dose regions in the immediate vicinity of HR CTV. The IPSA algorithm is also able to produce dosimetrically acceptable treatment plans. But in comparison to HIPO it does not integrate any additional features that would enable to control spatial dose distribution of high dose regions, especially to control the loading of interstitial needles. The appropriate integration of IPSA and the development of controlling tolls for cervical cancer BT need to be defined.
